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http://dxObjective: The aim of this study was to determine the influence of aortic annulus (AA) diameter and the ratio of
the sinotubular junction (STJ) diameter to the AA diameter on aortic valve hemodynamics and tissue mechanics
and to suggest optimal values.
Methods: Sixteen cases of aortic roots with AA diameters between 22 and 28 mm and an STJ/AA diameter ratio
between 0.8 and 1.4 were numerically modeled. Average coaptation height and mechanical stresses were calcu-
lated from 3-dimensional finite element analysis of the aortic valve and root. Five additional fluid structure
interaction (FSI) models with an AA diameter of 24 mm and an STJ/AA ratio between 0.6 and 1.4 were also
constructed. The material properties of the tissues were from porcine valves and boundary conditions were phys-
iologic and normal blood pressures.
Results: In most cases, average coaptation height decreased with an increase in the STJ/AA ratio. Those cases
with AA diameters between 24 and 26 mm and an STJ/AA ratio between 0.8 and 1.0 had a relatively large
average coaptation height (>3 mm) and similar stress distribution during diastole. The flow shear stress values
on the cusps at peak systole increased at the same time as the STJ/AA ratio decreased, similar to the opening
area.
Conclusions: Relatively large coaptation, low stress in the tissues during diastole, and low flow shear stress during
systole is the best combination for cases ofAAdiameter between 24 and 26mmwith identical STJ diameter.Valve-
sparing procedures that prevent AA expansion are preferable. (J Thorac Cardiovasc Surg 2013;146:1227-31)E
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SAortic valve performance is highly dependent on the geom-
etry of the aortic root. This dependency can be demon-
strated in valve-sparing aortic replacement procedures
inasmuch as the valve can be repaired by replacing only
the aneurysmatic root while retaining the native cusps,
a procedure usually performed without cusp intervention.
In a previous study, we1 showed how coaptation and me-
chanical stresses are affected by the aortic annulus (AA)
diameter. Furthermore, it has also been suggested that sino-
tubular junction (STJ) diameter can affect valve function.2
In aortic valve–sparing procedures, the surgeon is able to
control various geometric parameters of the graft. The
geometry depends on the type of procedure, David3 or
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The Journal of Thoracic and Car(dAA), if the procedure includes annuloplasty. Lansac and
associates5 suggested the addition of ring annuloplasty to
root remodeling, and for this procedure they6 proposed
using a dAA smaller than the STJ diameter (dSTJ) without
systematic confirmation of the relationship. Few clinical
studies have found that the geometry of the graft is an
important factor for valve performance and durability.7
Numerical models can provide valve mechanic informa-
tion regarding various geometries of the valve and root that
would be unpredictable during surgery. The influence of
root geometry on valve mechanics has been studied in sev-
eral previous numerical models, using finite element analy-
sis8-11 and fluid–structure interaction (FSI) models.1,12,13
Most of these studies compared only cases with and
without aortic sinuses8,12,13 or investigated different
valve-sparing procedures,9-11 whereas our previous study1
introduced an FSI model and constructed the only paramet-
ric study of root geometry. Although this parametric study
examined 6 geometries with different dAAs, it focused
only on the diastolic phase, excluding the systolic flow
shear stress that had been previously suggested as a possible
initiator of calcification.14 A systematic parametric study
that examines various aortic root geometries with different
combinations of dAAs and dSTJs has not yet been carried out.
Such a study, with various dAAs and dSTJs, is needed to
improve valve-sparing procedures.
More specifically, it would be advantageous to identify
the graft size and the ratio between the dAAs and dSTJsdiovascular Surgery c Volume 146, Number 5 1227
Abbreviations and Acronyms
AA ¼ aortic annulus
dAA ¼ aortic annulus diameter
dSTJ ¼ sinotubular junction diameter
FSI ¼ fluid–structure interaction
hC ¼ average coaptation height
STJ ¼ sinotubular junction
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Sthat would yield in normal valve dynamics and minimum
stress distribution in the cusps. Although it is known that
both the dAAs and dSTJs directly affect valve dynamics after
valve-sparing procedures,1,2,15 no studies on the ratio
between these diameters have been reported. The
objective of the present study was to determine the
influence of changes in dAA and STJ-to-AA ratio on the
hemodynamics and tissue mechanics of the valve.
METHODS
A 3-dimensional geometry of a tricuspid aortic valve and root was re-
constructed using normal dimensions and geometric relationships, includ-
ing the 3 cusps and aortic sinuses.16 This base geometry has a dAA of 24mm
and STJ-to-AA diameter ratio (dSTJ/dAA) of 1.1, and therefore its cusps and
root dimensions are within the literature range of healthy, normal
valves.16,17 Four geometries, with a dAA between 22 and 28 mm, were
calculated from the base geometry with an applied outer pressure that
expanded or shrank the initial AA. Sixteen geometries, with a dSTJ/dAA
between 0.8 and 1.4, were then calculated in the same manner, 4
geometries for each dAA. By this method the cusp sizes fit the geometry
of the root similar to actual valves, as for example expanded roots that
have stretched cusps. Figure 1 illustrates the 16 calculated geometries
that were used as the initial configurations of the valve and root in the
‘‘dry’’ finite element models, assuming zero stress in the tissues. Five ad-
ditional FSI models were also constructed. The initial geometries of the
FSI models have a dSTJ/dAA between 0.6 and 1.4 with a dAA ¼ 24 mm.
Two straight rigid tubes were added upstream and downstream, respec-
tively, to move the flow boundary conditions away from the compliant
root. The AA and STJ were assumed to be pinned to the rigid tubes and
therefore did not have transitional degrees of freedom.
The structural solver used an implicit nonlinear dynamic analysis using
the finite element method. ACollagen Fiber Networkmaterial model18 was
used for the cusps’ tissues. The hyperelastic behavior of the elastin, colla-
gen, and tissues of the sinuses (Figure 2, A) is based on published experi-
mental stress–strain curves from porcine aortic valves19 and roots20 in the
dry models with appropriate thickness.18,20 For the FSI model, where there
is a blood pressure load on thewalls of the root, the sinuses were assumed to
be part of a graft with polyethylene terephthalate material properties.9 A
master–slave contact algorithm was used between the cusps.21 Shell
elements were used to model the cusps and the root. Virtual surfaces that
represent the thickness of the cusps were added in the FSI models. The
flow was assumed laminar and the blood Newtonian and isothermal.
Although the Newtonian fluid assumption is not valid everywhere in the
circulation system, it is valid in the aorta.22 A finite volume method was
used for solving the unsteady 3-dimensional Navier-Stokes and mass con-
servation equations using the Eulerian approach.21 Figure 2, B, demon-
strates the physiologic time-dependent pressures that were used at the
aortic and ventricular boundaries in the FSI models. A suitable transvalv-
ular pressure was applied on the cusps in the ‘‘dry’’ models. The FSI
models were solved by a partitioned solver with nonconformal meshes.21
The structural problem was solved by Abaqus 6.11 (Simulia, Providence,1228 The Journal of Thoracic and Cardiovascular SurRI) finite element software. For the FSI models, FlowVision HPC 3.08
(Capvidia, Leuven, Belgium) was the flow solver and managed the
coupling between the 2 codes.RESULTS
The results in this section are presented for the diastolic
and systolic phases. The diastolic results are from the 16
‘‘dry’’ models and include the average coaptation height
and mechanical stress distribution in the tissues. These re-
sults are compared at 400ms after the beginning of the open-
ing, which is about 120 ms after diastole. This timing was
chosen because the valve was under a relatively large pres-
sure load with somewhat stable kinematics. The influence
of the systolic hemodynamics on the tissues is based on the
5 FSImodels. Obviously, the flow shear stresses on the cusps
during peak systole are calculated from the FSI models.
The coaptation is calculated from the closed position of
the 16 valves. Two-dimensional deformed diastolic config-
urations are presented in Figure 3. The projection plane was
selected to best illustrate valve coaptation in a similar fash-
ion to echocardiography measurements.1 The average coap-
tation height (hC) is also marked for each case in Figure 3,
and is defined as the coaptation area divided by the free-
edge length. The cases with dAA ¼ 24 mm have the largest
coaptation relative to the other cases with equal dSTJ/dAA,
except for the case with dSTJ/dAA ¼ 1.2. Also, the hC in-
creases with the decrease of dSTJ/dAA for dAA between 24
and 28 mm, but not for dAA ¼ 22 mm. A possible explana-
tion is that the cusp prolapse is more severe in the cases with
dAA ¼ 22 mm.
Figure 4 presents the maximum principal stress contours
on the deformed configurations of the closed valves. We de-
noted the maximum principal stress simply as stress to char-
acterize its spatial distribution. It can be clearly seen that the
cases with dAA between 26 and 28mm and dSTJ/dAA between
1.2 and 1.4 are not fully closed. This fact could explain the
low hC in these cases, even though the coaptation is seen at
the symmetric section of Figure 3 (marked as a dashed line
on the bottom right of Figure 4). In all the cases, the maxi-
mum stress magnitudes are found in the fiber bundles. This
difference between the collagen and elastin is even larger
in the not fully closed cases. For example, the case with
dAA¼ 28 mm and dSTJ/dAA¼ 1.4 has the largest stress mag-
nitude of 1.27MPa in the fibers, but it has a lowmagnitude of
only 0.65 MPa in the elastin, which is lower relative to the
other cases with the same dSTJ/dAA. For the cases with dAA
between 24 and 26 mm, the highest stress values are found
in the cases with dSTJ/dAA¼ 0.8. The 5 cases with hC greater
than 3mm,dAA¼ 22mm, anddSTJ/dAA¼ 1.2ordAAbetween
24 and26mmanddSTJ/dAAbetween 0.8 and 1.0, have similar
stress distribution and maximum stress magnitudes.
The peak systole was compared from the 5 FSI models
with dAA ¼ 24 mm. Here the peak systole is defined as
the timewhen the valve reached its maximum opening state.gery c November 2013
FIGURE 1. Views from the aorta on the 16 initial geometries of the ‘‘dry’’
models with different dAA and dSTJ. dAA, Aortic annulus diameter; dSTJ, si-
notubular junction diameter.
FIGURE 3. Projected deformed configurations of the closed valves with
Marom et al Evolving Technology/Basic ScienceIn all 5 FSI models, peak systole was at 96 ms after the be-
ginning of the opening, similar to other studies that used the
same definition, but in ‘‘dry’’ models.23 Obviously, the
opening area increased with the increase of the dSTJ/dAA,FIGURE 2. A, Stress-strain curves for the hyperelastic materials in the
root and for the collagen and elastin of the cusps. B, The aortic and left ven-
tricular pressure as a function of time. LV, Left ventricle.
different dAA and dSTJ/dAA. The cases with dAA between 26 and 28 mm and
dSTJ/dAA between 1.2 and 1.4 are not closed, even though this view does
not demonstrate this fact. The average coaptation height (hC) ismarked above
each case. dAA, Aortic annulus diameter; dSTJ, sinotubular junction diameter.
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Sfrom 0.5 up to 1.4 cm2 for the cases with a dSTJ/dAA of
0.6 and 1.4, respectively. However, the opening area relative
to the STJ area was actually decreased with an increase of
the dSTJ/dAA. This might be explained by the stretched
cusps in the cases with a dSTJ greater than the dAA, so that
the motion of the valve was restrained. Increasing dSTJ/dAA
also reduces resistance to the flow and therefore increases
the flow rate under the same pressure drop. Figure 5 pres-
ents flow shear stress contours on the ventricular side of
the cusp for the 5 FSI models. Reducing the dSTJ/dAA in-
creases the shear stress values and its spatial distribution
on the cusps. In all the cases, the highest shear stress mag-
nitudes were found in the coapting region near the connec-
tion of the commissures and the free edge. The shear stress
values in the belly region are significantly lower than those
found in the coapting region.DISCUSSION
Aortic valve–sparing procedures have a vast influence on
valve performance, despite the fact that only the geometry
of the root is adjustable in these techniques. The present
study investigated the influence of the root geometry on
several parameters that can describe valve performance.
The initial geometries are based on dimensions within
the literature range for nondiseased valves,17,24 but withdiovascular Surgery c Volume 146, Number 5 1229
FIGURE 4. A plot of maximum principal stress contours on the deformed configurations of the closed valves with different dAA and dSTJ/dAA. The max-
imum values (MPa) in the collagen fibers and the elastin are marked with max(C) and max(E), respectively. dAA, Aortic annulus diameter; dSTJ, sinotubular
junction diameter.
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Ssmaller cusp size than recently measured intraopera-
tively.25 However, these dimensions are appropriate for
comparing the results of the above parametric studies inas-
much as all the models have identical initial geometric
heights. The coaptation and mechanical stress in the cusps’
tissues were compared during diastole. The coaptation indi-
cates the quality of closure since it provides a safety margin
for preventing regurgitation, whereas the maximum princi-
pal stress could imply valve durability.17 The parameters
chosen to describe peak systole were the opening area,
which directly affects the blood flow, and the flow shear
stress on the cusps that is related to calcification initiation.14
Obviously, the blood flow needed to bemodeled to calculate
the last parameter, and therefore systole was evaluated from
FSI models.FIGURE 5. A plot of flow shear stress contours on the deformed config-
urations of a single cusp during peak systole for dAA¼ 24mm and dSTJ/dAA
between 0.6 and 1.4. dAA, Aortic annulus diameter; dSTJ, sinotubular junc-
tion diameter.
1230 The Journal of Thoracic and Cardiovascular SurInasmuch as there is no blood flow through the valve at
diastole, we used simplified ‘‘dry’’ models for the compre-
hensive parametric study with 16 cases. It was found that for
most of the dSTJ to dAA ratios, the cases with dAA ¼ 24 mm
had the largest hC. Also, there is a negative correlation be-
tween hC and dSTJ/dAA for 24dAA28 mm, and there are
5 cases with hC greater than 3 mm, specifically dAA ¼
22 mm and dSTJ/dAA ¼ 1.2 or 24 dAA 26 mm and
0.8 dSTJ/dAA 1.0. It should be emphasized that hC is
an averaged coaptation height, which is calculated as the
coaptation area divided by the free-edge length, and there-
fore its values are smaller than usually measured in echocar-
diography. This parameter, which indicates closure quality
throughout the cusps, demonstrates one of the advantages of
3-dimensional numerical models; although not measured
clinically, we have previously shown that it correlates
well with earlier findings in 3-dimensional models.1 For ex-
ample, the cases with hC less than 2 mm could not be closed
and most probably regurgitated during diastole.
The maximum principal stress distributions in the 16 dry
models were also compared during diastole. Lower stress
magnitude is required inasmuch as excessive stress values
can damage the cusps and reduce valve durability.17 Intui-
tively, the maximum stress values were found in the colla-
gen and not in the tissues, because the collagen is
considerably stiffer. Nevertheless, durability should be as-
sessed from stress distribution in the elastin because it is
more sensitive and would probably be injured first. The 5gery c November 2013
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Smost clinically interesting cases, with hC greater than 3mm,
had similar stress distribution in the elastin (Figure 4),
whereas the maximum values were 20% lower in the cases
with larger dSTJ/dAA. Therefore, the cases with
24 dAA  26 mm and dSTJ/dAA ¼ 1.0 are preferable to
those with the same diameter of dSTJ/dAA ¼ 0.8.
From the above results, aswell as fromour previous study,1
it seems reasonable to use the more advanced FSI models on
the 5 caseswith dAA¼ 24mm.These caseswere compared at
peak systole, or 96 ms after the beginning of the opening,
which is in accord with previous findings.23 The opening
area relative to the STJ area decreases with the increase of
dSTJ/dAA, from 33% to 16% for dSTJ to dAA ratios of 0.6
and 1.4, respectively. Therefore, the large opening area of
the caseswith adSTJ/dAAof 1.2ormore is caused by the initial
configuration and by blood flow from the ventricle. The flow
shear stress values decrease with the increase of dSTJ/dAA.
Since lower flow shear stresses on the tissues are desirable,14
this finding indicates that the STJ size should probably not be
less than the size of the AA. In a valve-sparing procedure,
where the dSTJ is fixed by the size of the graft, annular stabi-
lization is also required to prevent AA expansion after sur-
gery. This stabilization can be achieved either by
a reimplantation (David) procedure or a Yacoub procedure
with annuloplasty, where various techniques could be
used,5,26,27 thereby demonstrating a further indication that
a dSTJ/dAA greater than 1.0 is not necessarily warranted,
even though similar stress distribution exists for dSTJ/dAA
of 0.8 and 1.0.
CONCLUSIONS
On the basis of our results, those cases with 24dAA 26
mm and dSTJ/dAA ¼ 1.0 have larger coaptation relative to
the other cases, lower stress in the tissues during diastole,
and lower flow shear stress during systole. Valve-sparing
procedures that prevent AA expansion may prove to be
more durable inasmuch as lower flow shear stresses act on
the surface of the cusps.
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